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Requisite to the interpietation of satellite and rocket photos
are ansvers to such questicns as, what was the position of the camera |
in latitude, longitude and altitude at the time of the exposure? What
direction was the camera poi.uting? How may the location of points of (
interest in the phcto be determined, and what are the effects of relief
displacement and atmospheric refractibn on the position of the images?
These and other questions pertinent to the interpretation of hyper-
altitude* photos are treated in this report. The analysis of the
information content of existing hyperaltitude photos will constitute
later reports under this contract.

Problems that involve the orbit and attitude of a satellite,
and the relative position of a satellite and the Sun, fall in the
realm of astrodynamics. Accordingly, the notation and style of
analysis of these problems presented here are consistent with the
practices of this branch o1 science. On the other hand, problems
vhich involve the measurement of photos are treated in the traditions
of conventional photogrammnetry. The sections of this report that deal
with pholographic measurements are designed to furr sh the interpreter
with basic photogrammetric tools required for the reduction of infor-

mation contained in hyperaltitude photos. This study follows the

* As used in this report, hy; .raltitude meaus greater than 50 km.

LOCKHEED

CALIVORN'A (| OMBPANY

5




IR 17401
Page 3

premise that hyperaltitude photography will be useful in the early
stages of the exploration of planetery surfaces, in that it will
furnish informetion about the composition, texture and structure of
the surlaces. Therefore, this work deals mainly with photo interpre-
tation rather than cartography, aad high precision in measurement is
not a principal requirement. Krrors of a few percent are allowable.
For example, the curvature of the surface being photographea is con-
sidered in the photogrammetric calculations, wherzas the planetary
flatteaing is not. When appropriate, iough approximations, as well
as more accurate photogrammetric methods, are discussed.

The project manager and principal invesuigator is Dr. Paul M.
Merifield. The astrodynamics aspects were analysed by Mr. Pedro
Escobal and Mr. Joseph Ball. Contributions regarding attitude sensing
problems were made by Dr. Robert Roberson, and the treatment of atmus-
pheric refraction is largely the work of Dr. Kurt Forster. Mr. James
Rammelkamp aided in analysing the photogrammetric probhlems, and Miss

Annette Verner was responsible for the programning.
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I1-A: GENEXAL REMARKS

The astrodynamical phase of this study can be broken down into

three separate and independent analyses with a detailed soluticn

appearing as part of the analyses. The three astrod;mamical problems

are as r'ollows:

1.

LOCKHEED

CALIFORNIA COMPANY

%

Given the orbital elements o1 & photographing satel-
lite, find the =ubsatellite point in terms of ths
geographic east longitude‘(kz), the geodetic latitude
(¢), and the el*i..: 4. Supplementary to this

probles is the continuous generstiior of the ground

trace of ¢ sataellite about an obizis Dlanet.

Given - and ¢, find the orbita! .. ments in order
that s satellite will fly over 2 . ticular ground
station a2t ¢ givea time, for ex=z: .. , between 1000 and

1400 local ridzraal tire,

Given a set of orbi.al eleme:nns, find the time inter-
val of camera «<peration tnat achieves copiimum light-
ing, eitlie: [or a particular ground station or

regardiess of the areca photograpicd.
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II-B: OUBSATELLITE POINT AND ALTITUDE
The general ocutline rfor finding the subsatellite points of a '
satellite in an orbit 1is to ‘take the given zet of orbital parameters
a, e, i, 2, w, and T, which completely describe the orbit, and generatc
the position of the satellite at a specified +ime t, whick in this
case is the exposure time. After the satellite position is fuound, the '
next step is to transform these subsatellite positions in*to the geo-
graphic east longitude, geodetic latitude and altitude coordinate a
system. -
Proceeding to calculate the subsateilite points, let o
a, e, T, i, 2, w
be the given orbital parameters where
a = semi-major axis of mvit,
e é orbital eccentricity,
i é orbital inclination with respect to the Earth's -
equatorial plane,
Q Q longitude of the ascending node,
W é argument of perigee, and
i T é time of perifocal pessage.
i It should be noticed that the values of the given elements
%
'% should always be weil derined. If for a particular reason they are

BT\
R B
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not, e.g., 1 = 0, then Q becomes indeterminate &and cannot be used
to describe the orbit. There are other elements that are well defined
throughout all of three space, but are not discussed here.

The orientation vectors P and Q are calculated first

(See Figure 2.1):

cosw cosf - sinw sin§! cos i

P -
b
PY = cosw sin{ +sinw cos € cos i

) P = sin w sin i :

- : : (2.1)
Q,  =-sinw cos - cos w sin @ cos 1
Qy = -sin w lsin Q+cosw cos @ cos i

. . 7: ) " ] i . , Qz - cos-w ) Sj;n i ) w <.; - ' .

4

Nex-t we define relationships that are needed to express r as a.

‘ f‘unction of known quanf 1ties where we are cons:n.dering only elliptical
e orbits , in which case the mean mo+ion, n, is g..ven by : G 7
N k‘/-ﬂ‘-?; , T (e
: ST _ W a- . o o :
o : w_nere L .
) " T A k= gravitat...onal constant : —
v o e T LT e s ‘ > ) !
< , ST = mass of central body plus mass of satellite,
¥ "‘ . cole s ) : ) 3 B o . -
‘ B o y
i oo T s LM = n(t-1) - (2.3)
; *U * The indeterminate elements should then be set by definition, e g
L g b o s,
- Q =u 0 _j-f 1 = O’o‘ S s . . ) _
hﬂtocnueeo e e L - : ; ’
7 CALIFORNIA COMBANY  ~ ~ T - R v ) - ‘ y
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Also

where

and

where
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M = mean anomaly
t = +{ime of photographic exposure in conventional

terrestrial units (e.g., hours, minutes, and

seconds).

*
M = E - e sin E,—E (2.4)

E 1is the eccentric anomaly.

*
n

a(cos F -e) (2.5)

Y a‘/'l - e sinE _, (2.6)

X, and Y, are defined in Figure 2.2.

Ve can now define r and I in terms of known quantities,-

(2.7)

= +
r %, B Yy &
in which © 1s the position vectcr in the geocentric equatorial
coordinate system,
» .;'. . -l -7 ) T -
r = (z-r)? - (2.8)
Ve
%= - sin E : (2.9)

LOCKHEED

CALIFORNIA CDMP!ANV N

 symbol ————» means "'ylelds".

R



PP S e

AE NS

R G e LA

t
3
M
i

SRR K

[EIRA

e I &5 P

LOCKHEED

-CALIFORNIA COMPANY

—

J

SATELLLITE

CONIC

" Figure 2.2: De”inition of X 2nd Ye

LR 17401
Pege 10




LR 17ko1

Page 11
T 2
¥, d’”a(l =) ] cos E (2.10)
r :
J
ro= x, Bty 0 ' (2.11)

in which I dis the velocity vector in the same geocentric equatorial
coordinate system.

Since the coordinates of the subsateilite points are in the
geocentric equatorial coordinate system, they must be transformed
into the geographic coordinate system (A and ¢). This transformation
is eccomplished as follows: |

Symbolically, the transformation is written as

X, ¥V, %, t'—"“ps'; (PS: }\E: HS

where

% ' = geocentric latitude subvehicle point »

(ps = geodetic latitude subvehicle point,

}‘E = East longitude measured counterclockwise from
‘ the foot of Greenwich meridian, and

HS =v nomali altitude of veh;cle above reference

ellipsoid.

W calculate the radius, r, fram

r o=+ Y4S g+ 2t (2.12)

LOCKHEED
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and the right asceasion, o, from
o -1 z\ o . o
= tan x) 0° < a < 360 (2.13)

(examination of the sign of x and y allows quadrant definition).

The east longitude, \,, can be written as

EJ
O .
= - +5(t -1 ) -
g 360 [eg 5(t t,) a] (2.14)
0% A, = 360°
where pg is the sidereal time of Greenwich. Finally, the decliaa-
tion, 6, is obtained from

8 = tanl| ———1 . -90% & < + 90°. (2.15)

x2 - y2

At this point, unless f (the flattening) is ze°ro, one assumes that

' = 6 and continues calculating as folliws:

2
‘/ 1- (2f - £°)

Tr = A (2016)
¢ e¥1 - (2r - 1°) cosgcps' :
where r, is the geocentric distance of the station,
- l )
9 = tan 1 [*——3 tan ¢_' (2.17)
N L(l - f) A

-90° < P, < 90?

LOCKHEED
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- 2 2 ol 2 ' [ - Q
H = .‘L~ - r " sin (ws - 9, ) - r, cos((ps - 9 ) (2.18)
1 Hé

o] ! = i - — b i - ¢ . ( .

A@S sin - 91n(¢s P, ) (2.19)
Next one recalculates

¢ = 6 - by (2.20)

and returns to Eq. (2.16), repeating this loop until ¢,' 1is within
the desired tolerance.

The ground trace can ncw be generated from a further extensicn
of the previous procedure by repeating the cycle from Eq. (2.3) to
Eq. (2.20) with t or E as the independent variable. -

If the satellite has been in orbit arou 1 the Earth at least
one revolution and secular correction owing to oblateness of the Earth
needs to be included, the orbital elements are corrected and the

ground trace generated as follows:
A = t =T (2.21)
where ts is the start time. The anomalistic period; P, is given by

2T afp & \° o\[. 1 2
P=k\/u:a3/ {1-%J2;-(—::-§-)- l-%sini L-%e
e _ :

The starting revolution number (N) can be computed by

* 'The ground trace problem appears also in Reference No, 3.

LOCKHEED
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N = INTF ( .see footnote) . ; (2.23)
\
E-csinE = M = MF (?Pﬂ 14408t, 360°) —E (2.24)
(see Tfootnote)
The orcital elements w and  are updated by
a 2
wy = W+ i— J2 (- e2<_) kv a"3’/2 (b -5 singi)NP (2.25)
\a(1-e“)
a 2
Q = Q.27 S~} »vi a'3/2 (cos 1)NP (2.26)
N 2 2 2
a(1l-e“)/
One computes and saves
a 2 Smmr—
w A %J2 (__9..2_.) ‘/p,(l - e2) o302 <1 - g sinei\) (2.27)
' a(l - ) y
Px = cos wy cos 1, - sin Wy sin()N cos i
Py = cos wy sin QN + sin Wy cOs QN cos 1
P = sinw, sin 1
z N
: (2.28)
Qx = -sin Wy cosQN - cos Wy sin&lN cos 1
Qy = -sin Wy sin QN + ¢os Wy cos QN cos 1
Qz = cOoS wN’sin i
X, = a{cos E - e) (2.29)
— 7
y, = aVl -€e sinkE (2.30)

LOCKHEED

CALIFORNIA COMPANY
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X o=k Px t Y, Qx (2.31)
¥ o= ox, Pty Q (2.32)
z = x P +y Q (2.33)
r = a(l - e cos E) (2.34)
_ 1 \ (E - e sin E)
t = < (2.35)
k / \/'-'I 3-3/2 + Ml
Yy
sing = —mm —— (2.36)
2 2
x +y
0° < o < 360°
X
cos @ = (2.37)
2 2
x +ty
' = a-g -0t (2.38)

E g

where t is the total number of minutes ziapsed since the year, month,

and day of ts, and

A = MIDF(L..',360°) 0% s ap s 360° (2.39)

E E

which is the east longitude of the ground trﬁce. If the flattening

f = 0, then one sets % = & and proceeds to Eq. (2.44); if £ # 0,

as a trial, one sets ¢,' =06 and continues celculating with

1- (21 - £°) :

2.k0)
L - (ef - f2)0082¢%' (

= = 8

LOCKHEED
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%, = ten —= tan ¢’ (2.h1)

[ 2 .2 N ,
H = [r - <in (cps -9 ') - T, cos(tps - % ) (2.42)

=

bo ' = sin”t [-f— sin(e, - ¢.') (2.43)

-90° = 4p_' s 90°

Next one recalculates

ws' - 6 - A‘PS'

and returns to Eq. (2.40). This loop is repeated until i‘as' no lenger

varies. The process at the same time yields the geodetic ground trace

latitude.

One checks to see if

v = t-tsp>0 (2.44)

where tsp is the "stop time."” If V > 0, the machine program
"exits'; if not, it checks to see if E = 360° - ¢ (vhere ¢ is just

to indicate that t 4is equal to the period andnot 0 ). If E =

360 - ¢ , it computes
a \2 _.‘/2 2\ - 7
ey = Uyt R, -(———-?7_;; kv 87 (b - 5 sin1) T (2.45)
all - e )

LOCKHEED
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3 ae 2/ — _3/2 _
Qe = -39 —>- (k\/u a cos i) t (2.46)
a(l - e)/
end recalculates P and Q from Eq. (2.28). If E # 360°, it
increments E Dby
E = E + AE

and returns to Eq. (2.29).
Once AE und ¢ are determined, they can be plotted on a

map to obtain the: corresponding ground trace of a satellite in orbit.
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II-C: STATION FLY-OVER ™

The solution to problem 2, given X and & of & ground
station to be photographed, determines the orbital elements i~ order
that the satellite will fly over e particular ground station at a
given time where, for example, the time is between 1000 and 1400
local sideral time.

The criterion for solving this problem is stated as follows:

a sateilite i: said to have overflown the target where the t.rget is
defined as the specified ground station at some time ¢, if the magni-
tude of the normal from the orbpit plane that intersects the station is
identically zero.

From the previous criterion, it is possible to proceed a
follows. Introduce the right handed set of unit vectors I, @ and
¥ into the right ascencion-declination coordinate system such that
2 and Q derine the orientation plane of the desired orbit plane.

P is taken in the perifocal direction, and Q 1is advanced by a right
angle to P in the directiou of motion; W is taken normal to the
orbit plare.

Exemination of Figure 2.3 permits the folicving vector

equation to be written.

R+T+A = © (2.k7)

* Appears also in Reference No. 2.
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where
R = a vector from tlhe specified target station to the
dynamical ceuter;
T = a vector normal to the orbit plane that terminates
at target station;
A = a vector from the dynamical center to the origin

T" in the unknown orbit plane.

By dotting Eq. (2.47) with W it

W-R + WA
but

W-A

—

 since W 1is perpendicular to A

WD

is possible to write

+W-T = 0 (2.18)
= 0 (2.49)
and

= T (2.50)

vhere W is a unit vector parallel to T and the angle between W

and T is zero. Therefore, Eq. (2.48) states that

T = -

coordinates of the target station

WR . {(2.51)

‘Eefore evaluating Eq. (é,Sl), a slight digression into the station

is required. In terms of the geo-

detic 1§titude ¢ and the local sidereal time g, where

LOCKHEED
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>
It

eg + ,00k4,375,269,50(t - to) * Ag

(t - to) the solar time in minutes since the epach,

the components of the station radius vector R for an oblate spheriod

ere given by

X - G, cos ¢ cus B

1

- Gi cos ¢ sin 8 y(2.52)

- GQ sin ¢

1l

}f

[N
i}

where

a

e

o ‘+H = C+H
\[1 - (2f - %)sin"

ae(l - £)?

ne
>

+ H S +H

‘[l - (of - fa)singcp

and

a = equatorial radius of planet,‘

f = flattening of adcpted ellipsoid,

H = statiﬁn elevation sbove énd measured norm&l to the
A surface of the adopted ellipso@d, and

6 = local sidereal time.

Therefore, by evaluating the .ot product defined by Eq. (2.51), it is -

possible to express the constraining equation as

«OCKHEED

CALIFORNIA COMBANY
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T =- (W £+ W + W Z .o
(W y I+¥,2) (2.53)
or more exactly as
T = Gi Wx cos @ cos 6 + Gl Wy cos ¥ sin 6 + Gé Wi sin ¢
(2.54)

Equation (2.54) is the sought for constraint.

Solution of the Constraining Equation

It is obvious thut if T 1is set equal to zerc, a relationship
will exist between Wx, Wy, and Wé such that the steation or target
will be in the plane of the orbit. Furthermore, the components of the

W vector are related by means of

+WS o= 1 . . (2.55)

Hence, simultaneous solution of Fgs. (2.54) and (2.55) with T set
equal to zero will solve the orientation part of the fly-over prdblemf
However, for most applicatioﬁs, i.e.;_photogrammetry, ete. it will
a1so be beneficial to make the rate of change the scalar T (the
normel to the orbit plane) with respect to 0 (the éidereal tire) at

the fi, -over point zero. Naturaliy, this will result in a better

LOCKHEED
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*
photograph of the target site. Therefore, from Eq. (2.5&)

dT . -
3 = - Gl Wk cos ¢ sin 6 + Gl Wy cos @ cos 9 (2.56)
and
QE% = -G, W cospcos O -G W ecos ¢ cos 8 (2.56)
a0 1 x 1 3
. So that frcm Eq. (2.56) setting dT/d0 = O,
W sin® +W cos® = O (2.58)
X y
OT‘
W
tan® = £ | (2.59)
x .

*

Evidently there is a conflict between a speed constraint, i.e.,
slowest speed over the station and a heignt constraint. Therefore,
if the speed of the satellite is decrcased, the height will be in-
creased. These are dynamical constraints and will not be discussed
at this point. 1In passing, it is well to note that there sre an
infinite number of orbits with T = 0,

However, it certainly appears feasiblé to have the normal component

. {@T/a0) of station velocity equal to zero by proper choice of

LOCKHEED

CALIPFOANIA COMPANY

=

elements. Furthermore, since

R2 - Az + T2 ‘
or by differentiation,
aA o al
by ® =0

a value of dT/d8 = O implies that dA/d9 1is zero (the radial
rate). Therefore, the velocity vectors of the satellite and
station will be co-planer. In effect the satellite will then be
'panning’ the scene. : .
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It smust be remembered that Wy and Wy must be chosen surh that

2 . .
(—1—-3- = -G, cos  |W cos 6§ + W _ sin GJ >0 (2.60)
ded 1 L X Yy

in order to insure a minimum value for the magnitude of T as the
{ly-over point.

Substituting Egs. (2.55) and (2.59) into Eq. (2.54) results in

v + : W +
lex cos P cos 9 G Vx cos ® tan 6 sin g

1
2 2 2.1 % _ 5 213
G2 sin ¢ [l - Wx - wx tan 9] = 0 (2.61)
or
?_lwx cos @

1 .
* G,sin¢ (l -w?@ secae) 2 = 0 . (2.62)
X
cos O

By transposing, squaring both sides, and collecting terms, the Wx

component of the W vector is therefore found to be

G, sin ¢ cos 6

2
WX = %+ G (2,63)
0
with
2 2,2 2 2
Go = (}2 sin“¢ + G,° cos"® . (2.64)
Then from Eq. (2.59)
G2 sin ¢ sin 6
W‘_ =+ A (2.65)
My 5

1

~

LOCKHEED
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Firnally £q. (2.99) vields

{2.66)

In order to insure a minimum value for the magnitude of T it is
possible to show that Ny and Wy take the lower signs if a station
is above the equator ard the upper signs if a station is celow the

equator. This can be seen by substitution of Egs. (2.63) and (2.65)

into Eq. (2.60). ' ace

~
e G-lG2

a7 .1
2 G
o

o

02 T

'

- R
sin 2¢ [t cos?0 + sin°8 5 (2.67)

foN

so that if ¢ > 0, taking the lower sign

2 G, G

:
2 - 2 52 sin 29 >0
an o

and likewise if o - O, taking the upper sign

2 - GG

11 ) .
Q_% = - % é ~ sin 29 >0 .
ae” o

The sign of wz is taken as desired, since both retrograde (WZ < 0)

- : *
and direct orbits (Wz > 0) can be used to solve the fly-over problem.

* A retrograde orbit will destroy the 'panning’ effect discussed
in footnote on page 23. ’
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—quations (2.63), (2.65), and (2.66) can be conveniently

rewritten as

G2 [ .
. -+ = a4 q - %
UX =+ 5 sin ¢ cos Lee + 0(t “e):]
)
G
) ) r . 7
Wy = % —d; sin ¢ sin Lee +0(t - te)_‘  (2.€8)
]

1 L2 2 2
i‘ — . ] - .
2 Go ‘/bo L’2 sin @

=
"

which, as shall be presently shown, in effect completely solves the
orientation problem with due regard for the sign of each quantity as

indiceated previously; and whzre

t = desired station universal fly-over time,
te = staticn universal time at epoch,
6 = sidereal rate of change = constant, and
Ge = station sidereal time at epoch.

The unit vector W -is related to the classical orientation

angles by means of

W = sin® sin i 0sQsomw
‘wy = -cosQ sin i 0<i <m (2.69)
W= cos 1
so that
LOCKHEED

CALIFORNIA COMEANY




LE 17471

Page 27
sin i = + 1 - W 2
2|
—-——»1
cos i = W
Z
W, (2.770)
sin & = sin 1
) et ()
W
cos 2 = -'—T—X;
sin i

This completely determines i, the orbital inclination and 2, the
longitude of the ascending node. From the analysis, it is evident
that only these two angles are needed to solve the fly-over problem.
Therefore w, the argument of perigee, which is the third orientation
element of the classical set

i,Q, w

can be picked ac desired. Having picked w, it is possible to calcul-
ate the vectors P and Q, where Q is a unit vector advanced to P by

*
a right angle in the plane of motion as follows:

Px = cos W cos) ~sinw sinQ cos i
Py = cosw sinQ +sinw cos cos i
Pz = sinw sgin i
: (2.71)
Qx = -sinw cosf) - cosw sinf) cos i
Qy =.sinw sinQ + cos w cos @ cos 1
Qz = cos w sin i

— v

* Advantage can be taken by choosing w = O because the calculation of
P simplifies greatly. Q can always be obtained from Q = W x 2,
These vectors are calculated here because they will be used in the
next section.

LOCKHEED

CALIFORNIA COMPANY




i

o ™ - ¥

3 -1 O

LR 17401
Page 28

The Dimensional lements

In the previous secticn the orientation elements 1, f, and
w have been determined such that the station or target is in the

plane of the orbit at the desired time t. The dimensionel elements

i.e.,
‘1
&, e, TP
where
a = semimsjor axis
e = orbltal eccentricity
TP = time of perifocal passage

are still undetermined. Actually no explicit relationship is imposed
upon these elements in the orientation solution of the fly-over
problem. Howeve -, a useful extension to the fly-over problem is of
course the condition that the satellite, which is now in a predeter-
mined plane, chall be directly cover the station at a specified time
and at a cpecified altitide H&.*

To be more specific, if the altitude of the satellite (above
and measured normal to the surface of the adopted ellinsoid) is a
given constraint, which is to be in effect at time t, it is possible

to compute the magnitude of the radius vector at t by

——

o 2 2 . . e 1 \
ro= Jrc U e Hocos(o, - 9') (2.72)

-

by T

* The subseript s refess to subvehicle point.

LOCKHEED

(O YRR R 2L 2 Y i

OMVIALLY



IR 17491
Pape 29

where the geocentric latitude ' of tne stetion is obtalned as a

iunction ot the flattening [ by

- y 7
¢ ' = tan lL(l - f)dtan Q| -90° £ @s' s 2° (2.73)

and the distance from the dynamical center to the ellipsoid, T is

riven by

. ae'di 1 - (2f - ‘2)J
r” = S 5 = . (2.7k)
1-(2r - ¢ )cos“ws'

llence, given Hs, it is certsinly pors :ible to compute the
magnitude of the radius vector r to the satellite,

The true anomaly - of the satellite c«n be directly calcu-
lated if it is realized that at the fly-over point the station radius
vector is in the plane of the orbit. Therefore, by defining the unit

vector U as

R
U =-— |, (2.75)
R

i.e., & anit vector pcinting dirvectly to the satellite at the fly-

over point, it i'cllows that

cos v = J.P (2.76)
and
sinv = - (UxP) W (2.77)
Logrneeo
sy e AR S PN P I TVIRG T TeaTa T SIS S PR e et A peogen me— o
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It choula be noticed that P i defined by meansz of Hgs, (2.71) and

*

that only one e aponent ot Eq. (2.77) is needeA.

tow circe no forther condicions are imposed upon the specific

orbit, e. .. pimimum time o tne otation from a given position in the

orbit ete.,. it is possitie to arvitrarily pick a dimensional element:

let it be e, the eccentricity. By means of the mapping

cos v toe

05 |
o 1 +e cos v
5 (2.73)
sin E - w - e sinyv
+ B 1 +e cos v

the eccentric anomaly T 1is readily computed and thus the semi-major

axis of the orbit, a, s

"t = —"-“--""""'_; Y (2.79)

L - ¢ sin I 1/~
S PR A 1R (2.80)
P V4
e
where
k = gravitational conscant of +the planet
o= sum ng tne masses ol tie two bodies

»*

o
CHKHEED
. nku.A_k A“"v'v.l

—

Chviously the largest component of W should be used to yleld the
sreatest accuracy.

The time, o, in Eq.(2.80) shoul! hee the universe)l time. lowever, if
telo Is coaerstood 1t sutf:ces fo vse t i minutes measured (rom te.
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aliows {or the determination of the time of perifocal paésage, TP. _
This satellite, with elements of orientation i and , from
Eqs. (2.69) and an arbitrary value of w; along with the dimensional

elemerit a from Eq. (2.79) the TP obtained from Eq. {2.80) with

arbitrary e, will ltc directly over the station or targel at time t

with altitude Ig.

Solution with a Fixed Orbital Inclination

Since the éonstraint cf a fixed inclination is quite strong,
a solution to this problem is presented for the sake of completeness.

It follows that if i 1is upecifled then r.q (2 ss) ylelds

2 liz,cos?i = 1-W 2 o (2.81)

+
:<=:
i

where tﬂé zero subscript meéhs that::Wé 1is held constant. The condi- §

tion T =20 _ﬁroduéés the beloVing relation from Eq. (2:54) i

gy oo

e’ . a < . . = - "I - ., , \ -.
uiwx c§s ¢ cos O _+ Gi Vy cos ¢ sin 6 Géfzoléln ? . (?.82)

~ ot

This in effect is:thé solution of the problem,ifor‘ wxi and Wy are

l
AR Ty Mt A SO L

 determined as the solutions of the intersection of a straight line,

X

Ey. (2.82) and a circle, Eq. (2.81). Substitution of Wy from Eq.

4

{2.82) into Fq. (2.81) produces the -quadratic in W .

<
B Al R ey
r
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Hence,
linear contraint i.e., Eq. {2.82}.

indicated previously, starting with Egs. (2.70).
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s G : G.\ 2
Sy T 2 [ G1/ Wzo tan @ cos 3 X * Gl wzo ten'g

after obtaining a root of Egq. (2.83),

W 02) sineeJ = 0

. - (2.83)

Wy is obtained from the

Tae solution then continues as

A set of expressions have been developed that enable the

orientation elements of an orbit to be determined such that on aﬁy

day at a given local time, a specified ground station will be in the

%
plane of ‘the orbit.

The chosen local time, when converted to univer-

sal time is the t for Egs. (2.68); furthermore,,the;lateral,rﬁﬁeuof»

change of the station out of the orbit plane is taken to be zero in

order to obtain a smoother pussage

. As ar added extension, a techni-

que has been'develqped that will place the satellite at a specified

: height above the desired station or target at the specified time.

Solution of the ccmplete fly-over problem -as developed here requires

<

", the problem at hand.’

that two,elehents,of‘the orbit be eroitrarily chosen to best suit .

The‘o%her four are defined by choosing tﬁe'

desired t and.evaluating the reqpecti&é equations.

¥ The most effective photographing times are 1000 and 1400 lceal time

over & particular station (except for ground observation north of

the Arctic circle and south of the Antarctic circle) However, use-
ful phofobraphy can be obtained during the time interval 1000-1430
hours. Within the Arctic and Antarctic circles, the photographing =~
£3), becomes more restrictive; i.e., the

time t for use in Egs. (2.
days of the year along with

~ Pixing the orbital elements
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A sclution with a fixed irclination has also been developed.
Since the solution is achieved in closed form, a great saving in

machine time will be realized.
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JECTION II-D: OPTIMUM ILLUMINATION FOR FilCTOGRAPHY

Consider the third problem cf obtaining specific viewing times
when a satellite can photograph & given ground station that must be
bathed in direct sunlight.

From Figure 2.4, the constraining geometry of the problem

demands ihat

‘R = R_Rcos (< R, - R) . : (2.84})

The vector B@ is the Sun's: radius vector in the geocentric equatorial .
coordinate system. The components are ‘tebulated in the American

Ephemeris and NauticaliAlmanac at convenient intervals. This vector .

. hasithe components X, %a, %D'

The station or desired photographic point is located by the

vector R, with components X, Y, Z, defined by

X = - Gi cos ¢i cos ©
Y = ;'Gi cos & sin 0 ' ' (2.85)
Z = - GQ sin ¢

What is now needed is a criteria for deciding at whet times it will be

besirto photograph & particular spot on the Earth's surface.- If one

-

‘drbitrafily defines a particular angle ‘between the magnitudes of the ‘ o

R -and §® vectors by -V, then as can be seen from.Fig. 2.5, selecting

} a ¥ less than ﬁ/2 will have the result of assuming‘that sunlight

LOCKHEED
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SUN

v DESIRED POINT CF
PHOTOGRAPHY
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Figure 2.4: Sun-harth System - L - ’
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SUN

SATELLITE
Ro\ /

GROUND TRACE PRODUCED BY
ROTATION OF -R ABOUT Rg WITH
CONE ANGIE 2 ¢

Figure 2.5: Illumination Geometfy
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exists cover the desired point of photography. Furthefmore, if ¢ =0,
then this would have the effect of placing the Sun directly over the
station, ete. Hence, picking any ¢ less than ﬂ/2 will result in
an elliptical ground trace or slight oval which always will be bathed
in nearly direct sunlight. It should be noticed thet ¢ may very
will be set by ¢ (see Fig, 2.5), i.e., ths half cone angle ¢ of
the satellites camera field of view. rThis ic a funetion ¢ the total
angular smead of the photograpr .¢ lens avd the satellite orbit.*

At any rate, Eq. (2.f may be ¥ritten as

R Ck
- — = 05 (2.86)
F ° "R SV .
o)
which upon expansion becomés
XGG; .’ c-9.;.__Y_r'_’.(}~' T
ﬁﬁ; y Cos ¢ cos RR. ) COs ¢ sin
. Zq :
+ = G.sin@ = cos ¥ . (2.87)
RRO 2 ,

We define fhe following readily computable coefficients:

X G

s %%
@ = FReos @
)
Y

. B Q -jég- Gl cos @

- ) o)
% -1 |1 < H is th tr.llit
- ¢ = sin ﬁ,tan el , 0549 30w ere s the sate e

-altitude abovi the surface of the Earth.
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and

A Z@

Y = —=— G, sin® , (2.89)
RR_ 2
o}
and Eq. (2.87) reduces to

@cos +3sing = cos§ -y . (2.89)

Furthermore, by dividing beth sides of Eq. (2.89) vy + 2 2

a + 8
and realizing that by definition
ot
cos [ =
a'2 + B2
A B |
sin { = ————— , (2.99)

7 e

vhere the angle ( may be computed at once by virtue of Egs. (2.88),

wve find that Eq. (2.89) can be written

cos [ cosp +sin{ sing = ————— ) (2.91)°

or -

cos ¢ =y
cos(r - 8) = ——————m0 0

o + 8

Evidently, then

cos § =Y

e . ¢ - cos™d |——o ’ (2.93)

‘/02 + 92
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which is an equaticn with twe zeros corresponding to the upper and
lower branches of the visibility cone. (¥ 1is a rapidly changing
function of time, vwhereas «, 3, vy, and [ are more slowly varying
functions. )

From this point on one can compute the actual universal time

of the critiecal photographic limits by the relstion

(o]
i

b+ a(t - to) + Ag (2.94)
or

- 90 - AE

vwhere 90 is an epoch sidereal time corresponding to to and 0
is the constant sidereal rate of change. The east longitude is as
“usual denoted by XE.

- During the first attempts to photograph sn unknown planet or
moon, it may not be desired to photograph any particular area of the
surface, but rather, any of ell of the surface. The only constraint
then is to operate the camera when the surface in the camera's view
is properly illuminated. This problem is the more general case of
the one Just discussed and 1s solved as follows.

Replace R with r in Eq. (2.84) so that -

.R. = < .
xr Ry TR cos 5’ r) | (2.96)

or in the orbit plane
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(xwlj + yw@) R = rR{D cos ' . (2.97)
For the ellipse,
x, = a(cos E - e)
Yy = Jl eé sin E
r = a(l - e cos E)

where a, e, 1,2, w are the stendard orbital elements and ¥' 1is
the arbitrary angle spread between the Sun and satellites' radius

vectors. Eq. (2.97) is actually

o 2 1 d ) " — - t
a(cos E - e) _1350 + (MVI-e sin k) Q _I}ﬂ = a(l - e cos E)RG cos ¥

(2.98)
or :
2
* ! - . = -+ . J
(_IZBm+eRQcos¢r)cosE+‘/le QR sinE e B-R + &R cos §
(2.99)

There fore, if

o t
B-BQ + eR@ cos ¥

, A
cos ' =
. 2 e 2
. s ¥ + - ‘K
‘/(PR‘ +eR,Dco V') (‘/le Q )
[ 2 _
A 1-2" QR
sin o' =

2 2
2
\/ BB, + R cos (") + (YI-e” IR)
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~ Pk + aR_cos ¢’
DA A >
N{ - R —
2 —— 2
‘/ @Bn + eR_ cos ¥y o+ l-c'gﬁq)
Eq. (2.99) reduces to
cos &' cos E+ sina’ sinE = vy (2.100}
or
cos{a' - E) = ' (2.101)
s0 that
E, = &' - cos  (y') 1= 1,2 . (2.102)

1

This equation provides two zeros tlL.. are the limiting eccentric
anomalies cof the satellite at which the camera is to be turned on and
off. The mapping from eccentric anomaly to time is now obtained from

Kepler's equation, t.e.,

[+

E1 - e sin Ei
t, = —3 *T . (2.103)
kvb &

It should be noted that the solution has assumed that the Sun's posi-
tion did not change since the last time of perifocal pessage of the
satellite; l.e., &ﬁ, !5, &@ were obteined [rom the Ephemeris tape
at that point. The coordinates of the Sun do not vary much during
the orbital period of & near Earth satellite. However, if higher

aceuracy iu desired, an interpolation at the ti cbtained from
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Eq. (2.107) will yield much more accurate values of the Sun's pozition,

and the analysis cai te repecated. More then one iteration will not

be necessary.
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CECTION III

CAMERA ORIENTATICY
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III-A: GENERAL REMARKS

Knowledge of the orientation of the optical axis of the camera
in space is a prerequisite to the determination of scele and the loca-
tion of objeéts photographed. Basically, there are two ways in whiéh
this prcblem mey be attacked. One is through attitude sensing aevices
on board the satellite, and the other-is through photogiammetric tech-
nigues utilizing ground control points.

It is not the purpose of this.study tc analyze in detail
attitude gontrol and sensing systems. However, a generalized discus-

sion illucidatihg some problems and expectations is included here to :

broaden the readei's perspeétive.

LOCKHEED -

TALIFORNIA “OMBANY

-

L

1S
fl.ﬂe L r»ﬂiw’f4 >



LR 17401
Page 45

ITT-3: ATTITUDE SENSING FROBLEMS FOR ;
PHOTOGRAMMETRY FROM SPACE VEHICLES

v

For the purposes of p' .cogrammetry from Earth satellites,
iunar or planetary satellites or fly-by vehicles, some form of loose —
‘attitude control is necessary in order to point the photogrammetric
sensors more or less in the right direction. However, the actual
indexing of the location of a speéific picture need not depend upon
attij:ude control per se, but may involve only a knowledge of orienta-
tion et ther time t.he picture was made. If rone wishes- to determine thé

" location on the sﬁrface of a point in the picﬁire , & knowledge of the
space vehicle positionj is the first reqﬁisit;e , and & knowledge of its

orientation is a second fequisite ; for’' the purposes of stati:tical

. ccmbination, these can be considered independent variables. . .
If the control of ;:he attitude of the entire vehicle - or at
least the control of‘thé pilotogrramretric sensors , if they are gimba]jed
relati;\rejto tne vehicle - is su-fficientl& 7avccurate in i{:self, ﬁhen no
further information is required concerning vehicle orientation &t the . - __
time of taking the picture. For example, Uor an orientaticn error of 1°
relative to the "local verticgl"_twhieh»must beidefined carefully in

this context), a locaetion error of about 17.45 kilometers occurs at

a slant range of 1 ,00C kilometers. In order to obtain an error no

«
T e SN LN O

"greater than 0.5 kilometers froum vehicle attitude errors at a slant

e
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range of 1,000 kilometers, 1t is necessary to hold attitude within
about 2 minutes of arc. On the other hand, even if the vehlcle atti-
tude ic not controlled this accurately it can happen that orientation
sensors provide a knowledge of orientation considerably better than
that to which it is aétually controlled. In this case, it is suffi-
clent to record this sensor information with each picture or frame.
The following c;mments concern the abtitude control and atti-
tude sensing accuracies wnich might reasonably be expected in rela-
tively close Earth satellites, lunar and plenetary satellites, or fly-
by vehicles. It is necessary to consider separately the cases of
vehicles near the Esrth or near a planet with an_atmosphere and
vehicles near the atmosphereless Moon. VThe difference betwéen a
satellite and fly-uy situaticn is largely in the fact that the latter
is‘a transient situation. But from the stand point of ac*ive closed
loop attitude control, the tiansient is a felatively low fféqpency one

and the control prdblemsddo not essentially differ in the two cases.

Nor, for that matter, do the sensing problems differ except insofar as

. data might_be collected at’longer"rangeS'from the planetary surface in

the case of a fly-by.
It is desirable first to see how the three major methods of
attitude stabilizétion might apply to this kind of operation, These

are spin stebilization, passive or semi-passive~stgbilization, and

active élosed loop ettitude control. Although spin stabilization has

been used in the TIROS to obtain cloul cover pictures, the attitude
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resolution :s considerably poorer than would be appropriate for photo-
grammetry. Any developments that would permit the attainment of a
considerably better resolution with a spinning vehicle are not known;
- hence, this class of attitude stabilizatien techniques is not appro;
priate to the present problem.

Pagssive and semi-passive stabilization, however, reéuires .
more consideration. The essential characteristics of such systems are
two: a source of static stability from the natural environment of the
vehicle must exist; a means mist be provided for the dissipation of
energy when the vehicle oscillates about the position of stable static
equilibrium. Fouf potential sources of static eqpilibriuﬁ have been
proposed and discussed in the passive stabilization iiterature and
each has been made the subject of a-cémplete cgncept.for a passively
‘stébilizéd &ehicle. These sources are thé_gravity gradient effecﬁ,

- the Barth's magnetic field, the atmosphere, and sclar radiation
pfessu;e. For photogrammetric purposes, the natural equilibriun
should.result in a stgule orientationnsuch that, the photographic

sensors can be pointed more or -less down' toward the nearby body.
Only the gravity gradient and aerodynamic paséive stabilization
-methods result in this kind of orientation for general orbits. The

" former would apply to any orbit or trajectory in the neighborhood of

e
2

 any gravitating source, the magnitude of the stabilizing torque being

. - -properticnal to the square of the orbital frequency at the vehicles

= e SEPARREITRRIETEL < St Tan-

orbital radius and proportional to the difference in principle moments
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of inertia of the vehicle (it being understood thet the long exis,
the one of éinimum moment of inertia, is tc be stabilized toward the
central body). In a nopr-circular orbit, the gravity gradient torcue
is 2 function of time and does not really :resul® in an orientation
that is stable in the usual sense. Rather the situation is a dynamic
one, one which has apparently not been given much attention. Methods
based on the interaction of the vehicle with the ambient atmosphere
are obviouslz inépérppriatefor Junar photogrammetry, but could ﬁork
in the .case of,ma£ﬁl' Here one-mus{'strike a fine balance between
atmospheric effecps‘fhai‘reépit in significant retardation and destruc-
tion of the orbit andrétmospheric effects that are just sufficientito

provide ‘aevcdynamic stability. .

Certain facts regarding passi&e stabilization can be summafized.
j ‘ First, the existence.of féasible physical means for providing the
o ( : necessar& passive damping has not yet been demonstrated. Second, no
:significant experience with passive sfabilization in space has yet.
been acquired, although,preliminary_results fof one paréiculgr type,
tﬁat used on the TRAAC satellites-are available. Third, thére is

viftually no extant analytical study of the passive stebilization

T T T TRy I
R A LA A N

method predicated upon a realistic dynumic model of the situation,
.- v Fourth, such anulytical work as doc , exict indicates that attitude
oscillations of some degwees’cah be expected'«‘perhaps in the range of

5 to 20° about the vertical. ' It seems very unlikely at this time th@t

a passive stabilization syspehrcoﬁld'be designed andi implemented,

£
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LOCKHEED

“§ WIHORN'A COMPANY

- ) B - O U N S
£ : U U — .



capable of holding éﬁtitude within 30 of the verticai. The sum of
these facts forces the cenclusion that it would be very speculative

to pestulave passive attitude stabilization as & feasible basis for
photogrammetry within the immediately foreseeable future. At'the

lavel of accuracy that seems to be realistic, one undouhtedly would

1 2ed indepenéent sensors to establish orientation foir purposes of
picture indexing. Once these sensors are added, one cuts deeply into . -
the ostensible advantages of a passive stabilizaticn s&stem, namely

its greater claimed reliability.

The.;emainder of the discussion will be concerned only with
active cléséd lqu attitude control and with the :sensors that might
be incorporated in such control systéms., |

- For a near Earth sgtellite, en active closed loop attitude
control sysfem normelly is based upon a horizon scanner té detefmine‘
the vert;cal aﬁd Q rate gyréscqpe to deter@ine yew. The control mé&
be on-off if the actuators used with the$e,s§nsors involve mass
‘expulsiqn, or may be a pxoporfional control if internal momentum
stérage'devices are ﬁsed‘of.if proportional jets in the nécessari -
thrust range became féasible., In the former case, the system operates
in an attiﬁﬁde 1imit cycle whose anmditude is determined>by-pr§ctical
conSideratiohs<involving several,charaéteristics: the width of the
dead band iﬁtroduced deliberately to conserve propellant, the minimum
on-time of the thrusters used, and the ﬁhréshold-rates*that can be

detected by rate gyroscopes or by signal processing techn’ques
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equivalent to them. The inherent accuracy of the sensor is also
fundamental since there is no point in attempting to operate in a
1limit cycle much tighter than the inherent accuracy of the herizon
scanner. Present scanners and those projected for the near future
appear to have accuracies of the order of 1 to 2°. This includes the
error effects of the innomogeniety of the Earth's optical surface as
well as instrument noise - the former appears to be the limiting fac-
tor in the spectral regions and with the instrument designs aocw used.
The number does not represent au ultimate capability for this type of
deviée, but should be typical for the purposes of the present discus-~
sion. This means that neither attitude control nor attitude sensing
is 1ikely to be better than 1 to 2? for near Earth satellites base
on such a scheme. This is not likely to be adequate for photogram- ‘
metric purpoées. In order to obtain significantly increased accurazy,
one must go to attitude sensing by meaus of star trackers, a method
which requires that a running knowledge of geographic’position be
present aboard the vehicle in order S xnow how ho aiﬁ the lines of
*sight of the two or more trackers. This problem is more difficglf
£han the attitude sensing pf&blem for the Orbiting Astronomical
yObserwqtory,vehicle,‘since there it is desired to point the vehicle
axes‘in a'prescribed directién in inertial space rather than toward
the cemter of the Earth, and no changiﬁg éngles between the vehicle
akes/and the ctar traéker lines of sight are ihvcived. Changing

anpgles are involved, hcwever, [or the photogrammetric problem.
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Unfortunately, it does nol appear at this tiﬁ@ that there ere ar.,

good aliternatives for sencing in the region of intermediate acciracy -
betweer. star trackers and horizon scanner. The inherent star tracker
capability cannot be quoted without ar error =nalysis of a specific
system, since it is intimately involved with position determinatica
errors as well as thé basic errors of the trackers themselves, the
latter being probably within a factor of 2 to 10 arc scconds, although
this number probably can be reduced in practice if it is justified oa
the basis of the other system errors. The ground station can be
expected to be an importent, if_intermittent, part of the sensing
loop.

In the neighborhood of the Moon, one does not have the option
of using an'infrared horiéon scanner of the typé sultable for applica-
_tion near the Earth. It is possible that horizon scanners in the
visible or blue regions will Be developed, accompanied by a computed
logic which perwmits an infefenée of the location of the center of the
Moon from cbservations on a gibbous or cresent outline. Hcwever, such
devices are not considered current state-of-the-art. If such a device
were available and were to be used, the manjor errors might be in the
variations of lunar tbpography,’but any such ¢ rrors are difficult to
assess in the absence of a specific sensg;‘dcsignktongept. in any‘
case, it appears that the only method thch might offer relatively
good data ¢ orientation is the star tracker method. A£ the Monn,

sufficiently accurate tracking could be done from the Earth sc that a.
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vehicle epheneris would be availnble to use in conjunction with “he
star traclers. This would permit the application to evolve very much
as for anr barth satellite and roughly comparsble accuracies could be
expected. It should be noted that such a technique would apply equally
well to an orbit or to a hyperbolic tr~jectory in the Moon's neighbor-
hood, provided the elements of this trajectory are established from
the Earth with sufficient accuracy.

The case of planetary photogrammetry is somevwhat more difficult.
On one hand, the infrared horizon scanner might again become applicable
if there is a suitable plenetery atmosphere, but only fragmentary
studies currently seem to be available on the problem of Lorizon scen-
nirg involving atmospheres other than the Earth's. Conjecturing that
a method of this kind is feasible, it seems fairly safe to assume that
rough location data woﬁld be forthcoming - locations to within an
accurac, consistent with the 1 to 2° horizon scénner error that might
be foreseen. But on the other hand, the higher accuracy sensing

methods involving star tracking do not work as well because the esta-

. blishment of an accurate planetary orbit from Zarth-based cbservation

ie unlikely. This means that the star tracker attitudc sensing would

have to be supplemented ny an onboard positicr determination method

involving sightings on the planet, probably upon the Sun, and perhaps

involving radio communication with -the planetary surface.
It is difficult to go beyond these general remarks except in

reterence Lo a speéific time period, a relatively specific mission'
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characterization, and mcre definitive photogrammetric requirements.

Fivst, attitude control teuds %o come in three levels cf accuracy"

\

sloppy (3 ﬁo 0%, possibly ~ypical of & passivaly stebilized system);
mediu. zcenracy (L to 20, typical of average attitude control appli- !!-
cations involving active closed loop control systems, and garden

variety sensors); very accurate (prob&bly better than . minute of arc

when various sources of error are considered, requiring the use of

star trackers). There seem to be no promising senscrs in a range inter-
mediate between horizon écanners.and star trackers, although it is

possible that horizon scanners could ke made sumewhat more accurate

than the number quoted. (It is unlikely that the improvement would

be an order of magnitude, though.) If the horizon scenning method

were sufficiently accurate for the purposes of thre photogrammetry, =
it could be used near the Barth and probably near other planets with
atmospheres, but not for lunar photcgrammetry with horizon scanners
of current type. If horizon scanners are not suiriciently ac~urate
for the purpose, one must perforce go to star trackers. These are

potentially suitable for any of the neighbnrhoods mentioned, but if

ARK A e, L o e

used near a distant planet they would have to be supplemented by an

onboard position determination method. c
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TII-C: CAMERA ORIENTATICN FROM GROUNZ CONTROL

In the case of the moon. and planets, ground control will
range from poor Lo absent, and attitude sensing, discussed in the
previous pages, will be the most expedient means of orientation. In
the case of the Earth, ground control is fair to excellent (except»
for the polar regions) and can be used to great edvantage in cauere
orientation.

Ideally, the position of ground nadir {subsstellite point)
and satellite altitude w?1l be known, berause a precisely determined
orbit and the exposure time are all that is required, as discussed in
Sectin 7. Taboratory-procesced Baker-Nunn observational dats enable
Earth satellite locations within ~ne kilometer ani Lhi: is suificient-
1y sccurate for exploratory work consider~d in this study. The orien-

tation of the low and high oblique phctographs is considered separa ely.

LOCKHEED

REE TY T L LY

welble g bsw

s

"

i "

*




LR 17h01

Page 55
PHOTOGRAMMETRIC DEFINITIONS AND ~YMBOLS
Svmbol Ternm Definition
Apparent horizon Outline of the Earth's horizon

on an obligue photogrzph

8 Depression angle Vertical angle between the true
horizon and the cptical axes of
the camera

d - Dip angle Vertical angle between the
true and apparent horizons

r, Earth's radius

L Exposure station Position of the front nodal
point of the lens at the time
of exposure-

f : Focal length Distance from the front nodal
point of the lens to the photo-
graphic negative

Geodesic line Shortest distance between two
’ points on a mathematically
defined surface (in this case
a sphere)
G Ground distance
N Ground nedir pcint Pcint on the ground vertically
- beneath the exposure station
H Height above datum ' l
IIigh oblique Oblique photograph in which f
the Earth's horizon appears
Low obiique Oblique photograph in which
" the Barth's horizol does not
appear
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Term

Nadir point

Nautical mile

Optical axis

“Principal line

Principal plane
Principal point
Tilt

Tilted photograph

True horizon

Scale of photo

Size of object in
focal plane

LR 17hO1
Page 56

Definition

Point on the photograph vertically
heneath the exposure station

(Historically) Distance nn the
Earth's equator subtending an
augle of one minute at the Earth's
center. (One nautical mile =
6080 feet.)

Line perpendiculiar to the lens at
the front nodal point

Line of intersection formed by the
principal plane and the photograph

Vertical plane containing the
optical axis

Point of intersection of the opti-
cal axis and the photograph

Angle between the optical axis and
the vertical

Photograph taken with the optical
axis of the camera inclined less
than five degrees from the verti-
cal. A distinction is commonly
made between the tllted and the
oblique photograph: tilt is an
unintentional deviation from the
vertical ’

Line of intersection of the hori-
zontal plane through the exposure
station and the photograph
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Symbol Teim Definition
® Angle in the principal plane

between the principal point and
a horizontal line passing through
the point of interest

e Distance along the principal line
in the photograph measured from
the true horizon

A

Horizontael angle between two lines
in an oblique photograph

¥ Planetocentric angle subtended by
an arc on the surface
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High Oblique Photographs: De*termination of Depression Angle and

Azimuth of the Principal Line

The determination of the depression angle 6 of the optical
axis is a simple procedure in high oblique photographs. In fact, this
is one of the advantages of a high oblique photograph. ilo ground
control i: necessary, nor is the location of ground nadir. Unly the
aititude and planetary radius are needed. The procedure can be found
in rost stendard textbooks on photogrammetry; however, it is included
here for the sake of completeness.

The angle between the apparent horizon and the true horizon is
the dip angle d. (Refer to the previous two pages on Notation for
definition of photogrammetric terms.) The dip angle is measured in
the principal (i.e., vertical)plane containing the optical axis and
the plumb line from the exposure station. As shown in Fig. 3.1, it

is readily .alculated from the flying height H and Earth's radius

r
c

2 2
‘/(H +1 ) -r
tan d = 25 < <

i

= - (3.1)

(Point K in the figure represents a point on the apparent horizon).
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¥igure 3.1: Relation of Dip Angle to Flying Height
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The apparent depression angle & is measured In the princinal
plane between the aprarent horizon and the optical axis, as shown in
Fig. 3.2. If O i che principal point of the photograph, if follows

from Fig. 3.2 that

tanao = - (3.2)

Tne line OJOK' 1is measured along the principal point to the apparent
hkorizon. (The interpretey can draw the principal line on the photo by
constructing a line {rom the principel point perpendicular to the
apparent horizon.) Experience shows that the Earth's horizon is not
visible in hyperaltitude photographs. Fowever, a fairly sharp line
is formed at the top of the scattering layer of the atnosphere. It
is expedient to measure OK' +to this line and increase r_ in Eq.
(3.1) by 12 km. The precise height of the ccattering layer is not
known, but in one of the Viking 12 photos it was estimated at ebout
12 km. for infrared.

The true depression angle between the coptical axis and the

horizontal is then readily determined.:
g = a+d (3.3)
Now the true horizon is located by
M = ftanB , (3.4)

and the nadir point of the photograzh Ly

¥ |

L.
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PHOTOGRAPH POSITION OF
TRUE HORIZON

0 !
L-POSITION OF AFPARENT HORIZON

PTICAL AXIS

Figure 3.2: Elements ot the High Ovlique Photograph
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On = (tant , (3.5)
where t is the tilr found by
t = 90° -8 . (3.6)

To complete the orientation of the camera in space, the azimuth
of {e principal line must be determined. This is easily accomplished
if a recognizable ground point lies along the principal line of the
photograph. A line from ground nadir through the recognized point can
then be plotted on & map to determine its direction. However, any
control point in the photograph is sufficient, in addition to the
coordinates of ground nadir, for determining the azimuth. The line
connecting ground nadir with the contral point is considered the con-
trol line and its direction is determined. The direction of & line
can be determined directly from a Mercator map, or more generally, by
Napier's anslogies. The problem, which is common in navigation, is
shown in Fig. 3.3. The desired angle in Fig. 3.3 is A, which is the
direction of the control line measured from north.

3y Napicer's analogles,

- N
B+ A cos 5 . cot >
tan 2 = b +a
cos 5
(3.7)
B.A sin P—%—E - cot g
tan =—5— = b + o
sin 5
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Figure 3.3: Sphericel Triangle Formed by Principal
Point (Point 1), Control Point (Point 2),

and the Earth's North Pole
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whe s ¢
& = [0 - g
b= 100 - @
N = |x2-xl| .

Fquations (3.7) are solved simultaneously far B and A,
The next step in finding the azimuth of the principal iine
when it cannot be identified by inspection on the map is to determine

the horizontal angle £ between the principal line and the control

line, with the apex at ground nedir.

X

tan 3 = (3.8)

f sec 8 +e sin 8

where x 1s the distance toc the control point measured in the x
direction of the photograph, f is the focal length, and e 1is the
distance along the principal line in the photcgzraph from the true
horizon t. the control point (see Fig. 3.4).

The distance e is always regative in %q. (3.8), because it
is meacured below the true horizon. See Moffitt, 195G, p. 342 for

derivation of Eq. (3.8). The quantity e, as seen in Fig. 3.k is

equal to

- ftan 9 t y
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_Plgure 3.4: Determinetion of €.
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N

where & is added if the contrel point lies below the principal point
and subttracted it it lies above the principal point.

The angle f# is then added or subtracted from the azimuth of
the centrol line to fird the azimuth of the principal line. For
example, in Fig. 3.3 +he azimuth of the conti )l line is A, the azimuth
being measured clockwise from north. The angle 8 would be subtractediif
the contrel point lies south of the principal line and added if

it lies north of the principal line. Tz

Low Oblique: Tilt and Azimuth Determination

Orienting low cblique photographs is much more difficult than
high opliques. However, if good maps of the photographed area are

available it is commonly possible to locate the principal point of

the photograph on & map, in which case the orientetion is greatly

simplified. ILet us first consider this case in which the altitude of
the satellite is known and both the ground nadir and the principal
point of the photo can be plotted on a map. The geodetic distance n

between ground nadir N and the principal point O 1s determined

from i ~
sin 258 . tan 2 -
tan = = 2 = (3.9)
2 B - A *-
sin

where A and B ere fou “rou %q. 3.7.
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Referring to Fig. 3.5, in which t is the tiit, H 1is the
altitude of the satellite, r, is the Eartn's radius, and ¢ 1is the

- s

central angle subtended by the gecdetiec arc n (% =
, c

SRCAEGG

il

T, sin ¢ :
(3.10)

tan t

H + rc(l - COS ¢)

For less prgcise work, it may be appropriate to neasure the
ezimuth of the prineipal line and the distanCe"n_'directly from the
map, in which case the accuracy will depeﬁdbﬁmthe ouality and type
of projection of the map. Furthefmbre, for;émall gngléé of tilt, the

curvature of the Earth can be neglected and the tilt fbund as

t = tan "t [%] (3.11)

The graph, Fig. 3.6, éompares the precise determination, Eg. (3.10).
with the approximation, Eq. (3.11), using the Earth as an example.
The graph shows results using altitudes of 500 km and 1000 km.

Next the principal line is to be located on the photo. From
careful comparison of the principal line plotted on the map with the
photo, it may be possible to identify é point on the photo which lies
along the principal line shown on the map. If this is the case, the
prineipal line on the photo is construcped by extending & line through

this point and the principal point.
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Figure 3.5:

Determination of Tilt
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Figure 3.6: Approximate vs. True Tilt
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If such a point cannot be identified, the principal line can
be constructued if any other point in the photo can be recognized and
located on the map. A line {rom the principal point to the control
point is considered the contrgl line, and the angle between this line
and the principal line is the desired angle. This angle cannot be
measured dirvectly from the map; rather, the desired angle is the per-
spective projection of the map angle on a plane parallel to the photo.
The problem is illustrated in Fig. 3.7. In this figure, the control
point lies above the principal point. Consider first the case in
which the curvature of the surface is neglected. A set of coordinate
axes is constructed on the map, in which the Y axis coincides with
the ground trace of the principal plane, and the X axis is perpen-
dicular to Y at the principal point on the map. From the geometry
of the figure, the prcojections of the X and Y distances of the

control point on a plane paraliel to the photo are

Y' = H sect tan ¢ (3.12)
X cos(t + @)
£ = —— (3.13)
cost cos ©
where
- v
® = tan™t [—}3391‘-;‘{—1-:] -t (3.14)

The smaller angle between the control 1line and the principal line in

the plane of the photo, call it 4, is then
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Projection of Y into the Plane of the Photo.
(Section in Frincipal Plane)
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A = tant [i: (3.15)

If the control point lies below the principal point, Eq. (3.:2)
is the cume, bu  sgs. (3.13) and (3.14) become
X ces(t - @)

X o= "3.16)

cost cos ¢

and

® = tan* [5—39—’3%;3] -t (3.17)

In the case of the Earth, the curvature should be considered
in order to maintain an accuracy of one to two percent for tilts
greater than about 30 degrees. Referring again to Fig. 3.7, but
considering now the arc distance from the control point (projected
into the principal plane) to the point where the optical axis inter-
sects the surface, the angle ¢, which s to be used in EKq. (3.12) is

found from

r_ sin(y + AY)
= -t (3.18)

H + xcLl - cos(y + AT)]

“he' e

sint{ -t , (3.19)

ani A° (in radians) is found by measuring the distance on the map
vetween the ground location of the principal point and the projection

of tlie control point into the ground trace of tine principal plane, and
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dividing this distance by the radius »f the Farth. The efiect of
curvature in the X direction is negligible; nevertheless, it must
be corrected to a perspective projection cnto the plane parallei to
the photo. If X 1is the dis.ance measured from the map, and X' the

perspective projection onto the plane parallel to the photo,

YH sin{t + ¢)
X' = (3.20)
r, sin(} + A%)cost cos @

If the control point lies below the principal pcint, the
effects of curvature will be much less than iu the previous case;
nevertneless, the projected distances are calculated similarly, except
that Eq. (3.18) becomes
r, sin(y - AY)

¢ = t - tan , (3.21)

H+r [l - cos(¥y - Aw)]

and Eq. (3.20) becomes

XH sin(t - )
X' = (3.22)

r, sin(y - Al )cost cos ¢

When tne principal point is not easily located on a map, the
problem ot orientation becomes more difficult. If the altitude and
gromd nadir of the exposure station are known, orientation can be

accomplished r'rom two ground control points. A method for this situa-

ticn is developed in the Westinghouse report to N.A.D.A. (NAS-5-2755).
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1f the altitude and ground nadir at the time of exposure are
not known (as is the case with the Mercury-Atlas photos), the orienta-
tlon of the photo can be determined from three ground control points
in the photo.

The most useful features for ground ccontrol pointe in hyper-
altitude photography have been found to be the irregular edges of
bodies of water (lakes, reservoirs and voastlines), stream .rtersections,
and road and railroad intersections or vends. The control points should
be chosen to form a strong, i.e., nearly equilateral, base triangle.
The resulting space pyramid formed by uie ground control points and
the camera station is thern es strong as possible, providing that the
camers station does not fall on the "critical cylinder", i.e., the
vertical ecylinder formed by the three control points. (An analogous
situation can be cdemonstrated in surveying. The location of a resected
station cannot be resolved if it falls on the circumference of the
circie passing through the three control points.)

The commonly used orientation methods do not consider the
curvature of the surface. For expectable altitudes of photographing
satellites (below 1000 km.), significant error will not be introduced
provided the points form angles of less than 30 to 40 degrees to the
local vertical. After some experience with oblique photograph:.,, the

direction to the nearest horizon and the angle to the vertical can be

estimated roughly by examining the amount ol toreshortening at various
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points in the photo. The control points should then, if pccsible,
be selected in the lower (1arger~scale) portion of the photograph.
The "scale-point method" of R.O. Anderson, described in

Moffi%tt, 1959, pp. 213-221 and in the Manual of Photogrammetry,

pp. 372-375, is mainly graphical, but is accompanied by simple mathe-
matics. The method is useful if an electronic computer is not avail-
able; even so, it is time-consuming (particularly if the tilt is more
than a fev degrees), and because of the graphical operations, high
precision is not to be expected.

More suitable are the analytical methods, such as the space
resectior. method developed Ly the ._ase Frofescer zarl Church of
Syracuse University. The rasention procedure implies 4.iermination
of the eiements of exteri~: orientation that allow the tii'ee recon-
structed rays from the camz~r station to be adjusted 1. 1--spective
position with the respective control points. The mche' 5 described

in the Manual of Photogramme.ry, 1952, pp. 275-280,

Another method, that of Lelwan, 1963, wa~ - - -ved end utilized
successfuly for several rocket photos tuken cver -uile Sands, New
Mexico. A computer ;rogram, as well as a flow :isgram of the Lehmen E
method are found in the Appendix ni this report. The measurements on

the photo should be made as r.ecisely as possible, preferably on a

TR RSN w8

precision comparator, ans. the effective focal length (i.e., after eu-
largerent) must be krown very accurately in order for +the program ‘o

wvork effectively.
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A third method of orientation for low obligues can be sugges-
ted and elthough it has not yet veen attempted for hyperaltitude
protography, it may prove to offer a rapid and satisfactory solution
t. the problem of reconstructing the original tilt and swing. The
method is optical-mechanical reconstruction of tilt and swing in a
precision rectifyving projector. This 1s accomplished in the rectifying
instrument by means of systematic triasl and error adjustment of the
projection easel so that the images of the control points on the photo-
graph are brought into coincidence with the ground control vnoints,
which are plotted on the base sheet and positioned or the easel. The
base control points are plottel from map or survey data and should be
chosen at approximately the same elevation, unless the plotted posi-

tions are corrected for relief displacement, {see Moffitt, 1959,
pp. 2k2-2L5).
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SECTION IV

LCCATION OF OBJECTS IMAGED
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distancé tr ground Qistanée. That is, it ’is the ratio of the Aistance

:Aﬁeﬁwgen ﬁﬁé*ﬁoinﬁs‘éé measured on a photograph to the actual distance

;is'fhg scale number, which is more useful than scale, because image

where G is the ground distance and S

~photogfaph. ‘Throughout‘this study, scale number is used instead of
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IV-A: THE CONCEFT OF SCALE

It will be s=en in the next section that objects can be loca-
ted and distances between objects determined in a photograph wit .out
knowledge -f scale. Nevertheless, scale is a fundamental property f
which aids us in describing & photograph in terms ﬁhat are familiar

and meaningful. RMrthermore, estimates of size and distance are

pessible without tedious calculations, if the scale is known.

‘ ‘és gpnerally'used, scale 1s defined as the fatio of image

T

between the same points on the ground. The reciprocal of this ratio

vis A

distance multiplied.bjfscale~number yields true ground distence: |

Y

- Lo s st .- ' e TR h 2P, ar M SR T B
S E R L ‘f.sguﬁzw kas ; N

G = 8, x (image distance), (k)

1 .ié the scale numbér of the

scale.

A

In a vertical photograph, the scale numbz2r at the principal . g

. _ - S ’ }g

point is .

S = — . S

v £ ? , (k.2) R

LogKHEED
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where H 1is the altitude of the exposure station and f is the focal
length of the camera (not to be confused with f, standing for Earth
flattening). Outward from the principal point, the scale changes by

a small amourt owing to the curvature of the Earth and relief displace-
ment.

In the nonvertical photograph the scale is different at each
point, with the exception of all points along any single line perpen--
dicular to the principal line. The scale number (Si) of a point on
an oblique photograph can, therefore, be defined as the chénéc in

ground dijstance relative to a change in image distance:

51 -5 . (4.3)

Only for measurements involving very small distances can the scale

be considered: constant, the limiting di;tanues bgihg comménsuratefwith
thg accuracy desired. V

Iﬁ is convenient to refer the photograph to an aﬁpropriate

coordinate system in x and Yy, in which fhe_Ay axis coincides with
| the principal ling.; (The position of the x a#isvis»é:bitrary,_but:
genéraily éaéses through %he princ_pal point or coincides with the
true horizon. Tt is then expediept\to examiné hov the sc;le number

_changes in the x direction (Sx) and in the y ‘Qireqfion (Sy):

s e & Gy

ﬂénd
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ay

T (k.5)

where X and Y are the ground distances and x and y eare the
corresponding image distances. As mentioned previously, the scale is -
invarianc in the direction perpendicular to the principal line - a
charscteristic of perspective projection. Consequently, the scale in

the x Jdirection is constant, and the ground distance
X = Sx(x2 - xl} ,y (4.6)

vhere X and X5 are the image coordinates of the two points

between which the distance is to be determined.

5
3
i

/

ﬁbﬁever, the scale chapges continually in the y direction;
therefore, a distance on the ground>parallel to tke principal plane

is the definite integral o the scale mumber as a function of y.

y = J‘ Sy dy . ‘ | »' | (%.7)

“‘It_rémains to de?ivé_expressiohs for .8 _ and Syi in térms
of #nown or readily determined quantities. Suph derivétions have o
3 : been carried out previously (by Ketz in 1950, Lane in 1950, and Moffitt’
- ~ in 1959) and will not be repeated here. The geametry of the situation

" is seen in Figure 4.1,

4
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PRINCIPAL LINE POSITION OF

IN PHOTOGRAPH 7 / TRUE HORIZON

_ OPTICAL
H 4PROJECTION OF AXIS
1 fix.y) INTQ

PRINCIPAL R{.ANE

\

Figure 4.1: Elements of Scale
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H cos ¢
8, = (4.8)
£ sin(8 + ¢)
1 cos © 2
S ) A (1.9)
J sin(o + o)

where Sx and Sy are the instantaneous scale numbers at a point;
H equals focel length, 6 equals depression angle; and ¢ equsls the
angie in the principal plane between the principal'point, 0, and a
horizontal line passing through the point of interest.

The angle ¢ 1s considered positive when measured downward

and negative when measured upvard from the principal point.

et

The scale numbers can also be represented in terms of the
image distance e from the true horizon rather than the angle ¢

(see Figure 4.1); from this, relatively simple expressions are

; obtained.

H

3 5 = T cos 0 (4.10)

. S = '-2-—'-‘—0—' (ll-.ll)
y e~ cos“® :

where H, £, and e s&are measured in the same units.

The concept of scale was found to be egpecially userul in

this study in ananlyzing interpretability of photographs. For example,

3
o
4

R

what scales are suiteble for interpreting drainage, surficial d=postts,

rock strata, etc.?
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IV-B: COORDINATES OF OBJECTS IMAGED

Once the orientation of the photograph in space is known,
the location of any point in the phoctograph can be determined relative
to ground nadir. The method developed here utilizes the theorems of
solid analytic geometry and is readily adavoted tc the use of an accur-
ate coordinate-measuring device, e.g., a comparator, and the hand cal-
culator.

Referring to Fig. h.a, consider two sets of three-dimensional
coordinate axes, each having its origin at the front nodal point of
the camera. One set of axes defines ground points, with the Z-axis
parallel to the plumb line. The second coordinate system defines
points on the photograph with the z-axis coincident with the optical

axis. Ground points are designated Pl(xl’ Y, Zl), Pé(X , Y, Z2)’

ate, JTmage points are designated pl(xl, ¥y zl), ete. A ray from
an ctjeet on the surface at Pl to the exposure station pierces the

photograph at ;- The basic problem is to find the cocrdinates of
Pi’ knowing the cocrdinates of Py

In ordef t.0 simplify the eqﬁations, the y-axis of the photo-
graph as well as the Y-axis of the ground system are made to lie in
the principal ylane.

After measuring the x and y coordinates of the point in

the photograph, the coordinates of this point aye found in the ground

LOCKHEED
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) R VN

7 N\ \
FLAT EARTH PROJECTION 7 AN
7 GREAT
OF X AX'S // ClRCLE _/\\\\
/
e P,(1V1Zy)
/
/
Ve

Figure 4.2: Relation of Photographic and
Ground Coordinate Systems.
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coordinate system, call them x', y', z'. This is accomplished by a
simple rotation of the photographic coordinate frame about the x-axis

through the angle of tilt, t.

x' = x
y' = 1y cost + z sint y (L.12)
z' = -y sint + 2 cost

Next, the parametric equations of the ray joining P. and the

1
exposure station are determined. Calling k a parameter,
x = x'k
y = ¥y k - (k.a3)
z = z'Kk

At the point Pl(Xl, X, Zl), where the ray intersects the terrestrial

*
(or planetary) sphere, the coordinates of P. must satisfy the

1
equation
2 2 2. -2 ?
r = X ty + Lz - (H+r)| ’ (4.14) ;
c cd ;
vhich is the equation cf tl-~ terrestrial sphere relative to the XYZ *

coordinate axes in Figure 4.3.
The parametric forms of x, y and 2z (Eq. 4.13) are substitu-

ted in Eq. (4.14) which is solved for k. Next the coordinates of P

* Consideration of flattening will ordinarily not be warrented; how-
ever, for greaier precision, the equation of the spheroid can be
used instead of Eq. (4.14).
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are found from
X = x'k
Y = y'k b (4.15)
Z = z'k . )

In many cases it will be desirable to determine the coordin-
ates of Pl in the geodetic coordinate system of the planet, i.e.,
longitude A and latitude ¢. The XYZ cooruinate system is rotated
about the Z axis so that the X and Y axes coincide with the
North-South and East-Vest directions. The new coordinat.s are desig-

nated X' apnd Y'.

X* = Xcos € +ysince (4.16)

Yl

-Xsin € + y cos ¢ (b2

where € 1s the angle between North and the X axis. Then,

A = sin”t -i-.(-'-] (4.18)
C
afy

A = sin ;——secL] (4.19)
¢

where L 15 the latitude of ground nadir. i

Finully
Aom At A (.20)
® = ¢ *M (k.21)
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where A and xn are the coordinates of ground nadir. A\ is
positive westward in the western hemisphere, and A9 is positive

northward in the nortaern hemisphere.
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In Fig. 4.5, which is the plane containing the object and the
ground nadir, D represents the displacement of an object P owing to
its elevation above the datum. Clearly, the felief displacement in-
creases with increasing elevation of the object and increasing distance

from the grourd neair. Taking the Earth as a sphere,
D = Ay

where D 1is in nautical miles and A¢ dis in minutes of arc.

In triangle LCP, from the law cf sines,

: . ‘ ] sin &  sin(y + 6)
i r +h °  r +H i
e e

. ,
(rc + H)sin 6

Vo= ein~t -6 ] (4.24)
} ) r +h ]
c A )
In triangle LP'C
sin & - sin(6 + ¢ + AY) -
Tr = r +H

[p}

e ’ : » N

1 '(rc + H)sin & “
Ay = sin -4 -9 (k.25)

r
c

combining Eq. (#.24) and Eq. (4.25), we find that o

+ H 5 [ + #)sin 6
N - ool (rc )sin gl (1c )sin
, r r +h
c c

(4.26)
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with four variables, Eq. (4.26) is not ameunable to simple
graphical representation; however, a close approximation of the relief
displacement can be found as shown in Fig. 4.6. The curvature of the
Earth is very slight in triangle PP'Q and is neglected. Conse-

quently,
D = hten(y +8) . (4.27)
Now V¢ is a function of &, that is,

1 (rc + H)sin 6

Y = sin T 7 h ] -8
J

thus Eq. (4.27) becaomes

(?c + K)sin 6

r +h
c

-1

ﬁ = h tan ’sin (4.28)
In the arcsine term of Eg. (h.28), h is very small ccmpared
to T, thereforg, it can be neglected, and D becomes directly
prdport;pnal to h tinmes fhe tangent of the angle in brackets.
Therefore, in Fig. 4.7, the displacement in km is plotted as a func-
tion of the altitude, H, of the camera station, and the angle §, whiéh
is obtained directly from the photograph. The elevation of the objeét,
h, is considered‘i km and r, 1is taken as 6370 km. To obtain values
of D corresponding to elevations other than 1 km, h 1s multiplied |

by the ordinate value of the graph.

. LOCKHEED

CALIFONNIA COMPBANY




o g

M s

e

R

Lock

CALIPQRNIA OMBLNY

Figure h.6:

Approximate Reljer Displacement

LR 17403
Page ol



L Sl ey g RSN

1.80
160
140
1.20
100
.80
.60
40

.20

Figure L4.T:

'LOCKHE!D

CALIPORNIA COMBANY

5

20° 30° 40° 50° 60°
S

Relief Displacement for h = 1 km

T o s T [ W QR

T S e e, e



R s e R N

LR 17493
Page 96

Finally, the corrected values of X and Y are obtained by
subtiacting the components of the radial displacement (AX and AY)

from X and Y, where

AX = LU cos tan-]' -;-i (4.29)
. -1 [y]
AY = LU sin|tan % . (k. 30)

Hyperaltitude photography will be useful in exploring poorly
known areas; consequently, elevation ccntrol will be sparse. Without
such control, measurements near the horizon should be avoided because
relief displacement increascs rapidly with the angle to the vertical
(8).

In some cases, it may be possible to estimate the relief from
the configuration cf the topography in pian view. With regard to the
Earth, the oceans furnish the necessary datum. Coastal plains may
extend tens to hundreds of miles inland, maintaining & fairly constant
slope of about 0%.'. Using this value, the elevation at any point on
a coastal plain can be estimated. Coastal plains aréjbest recognized
by their drainage pattern. The river courses aré generally very per-

sistent in direction, which is essentially perpendicular to the coast-

line. Meandering is a common characteristic of coastal plain rivers.
Large river valleys such as the Amazon and Po also maintain a
rather unifornm gradient of about 0°01'. These rivers are recognized

by their great length, broad flood plains, and meandering courses.
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Cumulus clouds commonly hug the crests cf lofty ranges, hence
the presence of persistent linear cloud formations infers an elevation
of severel thousand feet.

In some areas tone is closely related to elevation. This is
true in the Basin and Range Province of the U.S. The ranges are darker
than the intermontane basins. This is due principally to three reasous:
1) the higher elevations support more vegetation, ir nany cases dense
forest cover, 2) shadows are trapped in the rugged highlands by the
craggy outcrops, trees and shrubs, 3) the freshly exposed bedrock of
the ranges is darker in color owing to a greater percentage of ferro-
magnesium minerals.

Many plant forms are sensitively controlled by altitude for a
given latitude - knowledge of this control therefore furnishes an indi-
cation of altitude. free lines are uniform over large geographical
areas and can be exceptionally useful altitude fixes if known for the

region in question.

LOCKHEED

CALIFORNIA COMBANY

o ST ———— TP T e e s an ——— e e e



e AT

L ST

IR 174901
Page 98

IV-D: 1IMAGE DISPLACEMENT BY ATMOSPHERIC REFRACTION

Introduction

A ray of light entering a camers in space is refracted in its
path through the Earth's atmosphere.* The Earth's atmosphere is non-
uniform, being composed of complex strata varying in density, molecular
composition, and temperature. Varistions in the index of refraction
accompany the changes in physical properties from one stratum to another.
In general, however, a ray of light from the Earth follows & convex.-up-
ward path which is steeper near the surface of the Earth. Most ofrthe
refraction takes place in the lower, denser part of the atmosphere.
Hyperaltitude photography is therefore essentially affected by the entire
atmosphere.

This present work revresent> an alternate and simpler approach
than that found in Crowson (1962), and is believed to be an improvement

over the work of Munick (1962), and Merifield (1963).

Anal.sis

Figure 4.8 shows how refraction affects the lccation of a&n

object on the Earth'e»surfacé. A light ray originating at an object F

*  Other planetary atmospheres are not considered here owing to our lack
of knowledge of their constitution.
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Figure L.8: Geometry of Refrsction Displacement
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will follow a curved path similar to that shown in the figure. To the
camera 8t L, the object appenrs to b at P', displaced a distance D
from its true position. The displacement is always cutward from the
local ground nadir at N.

To find the trve path of the ray, it would be necessa.y to
know the index of refraction at a large number of points above the sur-
face. There ic nc simple relatiocn between the index of refraction and
altitude, but as a good approximation thc index of refraction may be
considered to be proportional to the density. According to Eq.(h.3l) den-

sity is assumed tc vary as an exponential function of the altitud: H:

p = pe ¥ (L.31)

o

here p 1is the density at height H and pa is the density at sea

level. Equation (4,31) can be written

0
then
dH = - '}]';' asn "g"—
(o]
or din "E'
¢ k E (o] o ("oy)
aH

Hence, k 1is the negstive of Lhe slope of the curve £n~—g— vs, H.

o
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IV-C: RELIEF DISPLACEMENT

The geographic location of én object is its positi~ ~rojected
aloné a radius onto the reference spheroid. If the reférenée 3pheroid
possessed no relief, then every object would be viewed in its true
location, regardless of the perspective. In the case of the Eurth,
relief features of the continental ’areas’generally lie above sea level
end are not viewed in their true location except from directly over-
head. |

| The followiné ﬁrocedﬁre assumes'that the coordinatés of the -
object bhave yeeﬁrdefermined relative to a sp@ericél'Earth, énd_thét a
correction is desired to account for relief 5isplacemegt. The coor-
dinates ‘of the object ave referred to a coordinate s&stem whose originr
is pheléxposﬁre station. The 2Z axis is vertiéal and the Y'axis lieé in
the principal plane. It is fﬁ}ther asSu;ed thaﬁvthe elevation of the'
objéct, h, is known or has been estimated.

The angle §, which is the vertical angle between the re; from
the object and the plumb line tc the exposure station, is found as’

” - shown in Fig. b.h _ »
o - tent| Y2 P .  (h.22)
. z : “ ‘

#* Reprinted from Merifield (1963).
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The reciprocal of Eq. {4.32) is known in atmospheric stidies as the

scale height Hg, given by

RT
Hs—'gﬁ

where R 1is the universal gas constant, T the absolute temper:iture,
g the acceleration of gravity, and M the mean rolecular weight of
the atmospneric molecules. Scale height therefore depends on the accel-
eration of gravity, mclecular weiéht, and temperaﬁure - all of which
= | yary with aititude. Since 99 percent of the atmosphere>lies below the
altitude of 100,000 feet, most of the refraction takes place in this
- E fegion%) Folléwing the assumption that the index of ?efraction:is pro-
| . nortional to density, a value for the scale height weighted by fheA
density w&s determined for the region below 100,000 feet. For each
5000-foot interval,,tﬁé medial values for the densityiand>scale height .
’ye}e chosen -from the ﬁables of the ARDC Model Atmosphere kMinzner et al, f ~
: " 1959). For exaumple, for the interval }Setweep 15,000 feet and. 20, dog ’
feet, the values.dfr ﬁ  and »Hé givén for 17,500 feet were,used.‘ This
is beiié?ed Justified, since for intervals as smai; as 5000 feet, the
re;éﬁioﬁs qre«n?arly linéar. ?herweighted everage \igwasuthfn calcu -

ilated:from o -

==
{i
[y

j,.yielding a value of 24.03 x 103 feet, whence T

v
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k = -4%— = 4,16 x 1072 feet ™t

With these assumptions, the index of refraction as a function of

H can be expressed as

-1 = (g - 1)k (5.33)

where by is the index of refraction at H = O, and is equal to 1.00029

( Handbook gi Chemistry and Phygics).. The "ones” entér into this equation

- because at H =0, = Mg and as H-—-s00, p — 1.

If the atmosﬁhere is concidered to be composed qf?a series. of

~ concentric shells, the relationship of the angles of refraction between

successive léyérs is givénjby the law of refraction'for spherical sur-

; faces,
: i ; o -
é' rposind o= T, osind 7 “(4.34)
g where
; ry = the distance from the center-of the Earth to the camera
j . ¢ o -~ ) S -
% by = the index of refraction.at the camera
:‘g '_ 7— T . -
§ = unity at satellite altitudes .
‘§‘ T i, = _the anglerbetween the vertical and the }ay entering the
3 - . camera
> ,
_ N
I < -
) o
i R et
. . 5, ) : -
i . e e T
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Accordingly, Toa by and 1, are the radial distance, index of refrac-

i
tion; and angle of the 1ight ray to the vertical for the ith layer of
the atmosihere. Expressing the index of refracti.n as a function of r,

the quantity r u(rjsin i remsains constant along the ray of light. Thus

we have

r sin {1
sini1 = -££ZL———5-42 . - (4.35)

Ty

The "slope" of the curve r = r(¥) in polar coordinates {see Fig. 4.9)

is

i

tan o =

S
e

. ; ' (hf36)

¥

If the curve r(¥) dis the path of the light ray, then

9 -1

o = )
and
tano = cot i .
But.
cot 1 = (siﬁ-ei -1)2 ,
. hence, from Eqs. (%.35) and (%.36)
o ‘2 i ;
TR @ o
1l dr ,
ol Tl , 1 . (4.37)
r dy - (roﬁb sin 1 ) ‘ e
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Separating variables, the polar angle wo at which the light ray
emsnating at r_=r_ + H intersects the Earth's surface (r = rc)

is obtained by integration:

¢
dar ( )
Y o= s : . i,38
° n(r) \2 3
r{{——m—m—m—m—m—""m] -1
roPo sin 10 ,
: rh+H

On the other hand, the direct rectilinear ray at aﬁgle ic‘ intersects

the Earth's surface at an angle ws given by

1 i'c * Ho ] ‘ - |
Yy = sip’ S "sin{io - io ' i (k.39)
c B .

~and the désired distancé can be féund by integrating Eq. (hléé) numer-
zvically ‘and sﬁbtrgcting: it from ¢, in Eq. (%.39). |
' :With, w(r) -and By differing only slightly, the difference:
(wé -’wo) is the différencé of_?wo large qpantities, which:is disadvan- .
tagedus from—thé,ﬁoint of view éf'computation. \This can -be éircumvented

by observihg that g is the identical-integral Eq. (4.38) for u = bos

v

Aéihce for uo’= ccnstant, the light ray is a straight line. Hence, the

" desired Quantity is
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<
rcH{o
(1 o 2 -3
mir 1 dr
¥g=v¥ / \rouos:m i ) 1 <rosin io) -1 T
Yo (4.40)
Since u(r) and w, differ only slightly, the square root is developed
to the rirst power in (u - uo) and Eq. (4.40) becomes
r +H
¢ o
1 rb&(r) - uo]dr
b~y = -
by - ¥, - 5 Sinei - 2 . (b.h1)
HaTo " 7o _—) -1 12
o ro‘sin io
~ -' - > ‘ rc ) N J
j ,
s An expcnential law for u(r) is adopted, Eq. (4.33), and B,
) is téken as unity. Furthermore, the dimensionless héight h = —g— is
: - - c '
3 introduced; then r = rc(l + h), and Eq. (4.41) becomes
% " - ) .

e

'¢ ¥ - (” - (1 +h)e k¥l -
> 3 ’ - = 1 d.h .
- 80 (1+n )281n i l+h 2_ 1 g‘

) ‘ (1 +n )sin i] - '

(k.42)
The importanf contributions to the integral stem froﬁAheights where the

densiﬁy 1s’iarge, i.e., close to the Earth's- surface. Conééquently,

- B Dt cf s LA TR SR aFelnlls SERRANT ar

g

bood accuracy is dbtained by developing the three- halves root in Eq.

(h h2) to the first power in h as long as i, isinot close to 90°;
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Eq. (4.42) then becomes
hc
(b -1)(1+h _)sin i 3h
y -y o= == > © | (1+n)e™®%B (1 + 3n tan®t - ——)an .
s "0 3. 0 o} 2
cos~1i cos i
o o
o)
(4.43)

The integral is of the form xeaxdx, which can be evaluated in closed

form. In general the altitude of the cazera (Hb) is large corrared -

H /H

to the scale height (Hé) and the er-onentials e o s are then

negligible; the distance of image - ,lacemerit D is then

| , 2
(u_-1)(1+1 )sin 1 2 +3{i-h )tan“i
_ . - .5 o 0 2. o o
D _Vrc(vs ¢o) 3, 1 +3h tan"{ . 4 .

k cos kr
s

(1.Lk)

For example. for . Hb‘- 100 niles and io = 600, the displacemeht D is

A s et

approximately 61 feet. &Lxamination of the formula shows that the.dis-
placement becomes large only when io is large. But in measuyements ¢
with oblique photographs, points making en angle of greater than 60°

‘ with;the vertical from‘the caﬁera station are not of interest because
these péints are ngér thg horizon aﬁd are not readily identifiable\owing:‘

to foreshortening and atmospheric haze.. In general, it can be said.that

for- the precision with which we are concerned (1-2 xm), afmospheric re- ;~‘

fraction may be neglected. .
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SUMMARY FLOW DIAGRAM OF THE LEHMAN METHOD OF

PHOTOGRAPHIC ORIENTATION

Effective focal length, (corrected for print enlargement)

Space coordinates of three ground control points
(T =A, B, C; @ =x, y, z, the origin is at A,
the lowest of the three objects, and +x points east

with +y pointing north.)

Distances between the three control pointsjon the photo,

(1, J =8, b, ¢).

Distances between the three control poinfs and éhg

principal point of the photo.

N\,
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an bp cp
T W
2 2 -
e @, ~—efc0s iLJ = 1L~ + JL p==—cos alb
pl-e 1= ip2+p12 bl - ijQ/EiLJL — cos ale —
e QL ot — s ble;
X BX X
} 1!
Az--—d AR
B —” = 31, - 3.)° AC 2 = 1P + 1% - 2TLITcus L3
C ey EC
A
Frod | | T
A B C AL BL CL :
y ¥y v // 7
/ t
: ' T2 a2 | ,
IZ(LQ' - Id) = I, I
B L L L '
I P Y x
| I
/ cos in———I-Z(La -1)Pe 3L°- 3TL - PLIlcos ilp
L P, P
i | ' o W
Tilt = : - JAzimith or Uirection of Tilt = _
: -5
cos (Lz/PL) | | | tan I-‘y - L y/Px Lx
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